Carbohydrates, mainly sucrose, that are synthesized in source organs are transported to sink organs to support growth and development. Phloem loading of sucrose is a crucial step that drives long-distance transport by elevating hydrostatic pressure in the phloem. Three phloem loading strategies have been identified, two active mechanisms, apoplastic loading via sucrose transporters and symplastic polymer trapping, and one passive mechanism. The first two active loading mechanisms require metabolic energy, carbohydrate is loaded into the phloem against a concentration gradient. The passive process, diffusion, involves equilibration of sucrose and other metabolites between cells through plasmodesmata. Many higher plant species including Arabidopsis utilize the active loading mechanisms to increase carbohydrate in the phloem to higher concentrations than that in mesophyll cells. In contrast, recent data revealed that a large number of plants, especially woody species, load sucrose passively by maintaining a high concentration in mesophyll cells. However, it still remains to be determined how the worldwide important cereal crop, rice, loads sucrose into the phloem in source organs. Based on the literature and our results, we propose a potential strategy of phloem loading in rice. Elucidation of the phloem loading mechanism should improve our understanding of rice development and facilitate its manipulation towards the increase of crop productivity.
INTRODUCTION
Sucrose (Suc) is the main carbohydrate product of photosynthesis in higher plants and is transported long distances from source to various sink organs such as flowers, seeds and roots, thus supporting plant growth and development. Long-distance transport of Suc is initiated by Suc uptake into collective phloem of minor veins of source leaves. This process is referred to as phloem loading and is the first important step of the longdistance transport of photoassimilate to sink organs. Suc is then translocated via transport phloem and unloaded into sink organs via release phloem (van Bel, 2003) . The phloem contains two main cell types, sieve elements (SEs) and companion cells (CCs). This long-distance transport occurs in SEs, which lack a nucleus and have very few organelles and thus rely on associated CCs for most metabolic requirements (van Bel and Knoblauch, 2000) .
High concentrations of photoassimilate loaded into source collective phloem generates the driving force, a hydrostatic pressure gradient, that enables the mass flow of Suc to sink organs via transport and release phloem (Turgeon, 2010; van Bel, 1996) . That is, a high concentration of Suc inside the phloem cells in source organs creates an osmotic potential gradient that draws water into the cells. Phloem sap thus moves from source to sink by means of turgor pressure gradient.
In collective phloem, the loading strategies can be divided into three major pathways: apoplastic loading, polymer trapping, and diffusion. The apoplastic loading strategy ( Fig. 1A) uses the proton motive force as metabolic energy to load Suc from the apoplast (cell wall space) actively into the phloem by Suc transporters (SUTs). In the second mechanism, polymer trapping ( Fig. 1B) , Suc diffuses from mesophyll cells into the specialized CCs called intermediary cells, symplastically through the cell-to-cell connections called plasmodesmata. Suc then serves as a substrate to synthesize raffinose family oligosaccharides (RFOs) such as raffinose and stachyose to increase the concentration of these sugars in the phloem in this thermodynamically active process (McCaskill and Turgeon, 2007; Zhang and Turgeon, 2009 ). Therefore, these two strategies are metabolic energy-dependent pathways. In contrast, the diffusion strategy (Fig. 1C ), a passive loading mechanism, is an energetically downhill process because Suc levels are higher in mesophyll cells than in collective phloem, and no energy is used to collect Suc in SEs.
Rice is an important crop worldwide and is the principal food source for a large proportion of the global population. In general, the yield potential of rice crop plants is dependent upon whole plant carbohydrate partitioning mediated by Suc translocation from source to sink organs. Therefore, understanding the entire carbohydrate partitioning process whereby Suc is assimilated in source organs and translocated through the phloem to sink organs should provide new approaches to improve plant growth and crop yield (Lim et al., 2006) . In this review, we summarize putative phloem loading strategies by integrating recent reports on SUTs, and propose a potential phloem loading strategy that may be especially important in rice.
Phloem Loading in Rice
A B C D Fig. 1 . Schematic representation of phloem loading mechanism. (A) Apoplastic phloem loading mechanism. Suc synthesized in mesophyll cells diffuses to vascular parenchyma cells, is exported to apoplast, then transported by a SUT into the phloem. (B) Symplastic polymer trapping mechanism. Suc is mobilized symplastically from mesophyll cells to the specialized CCs, intermediary cells of the collective minor veins. RFOs are then synthesized in intermediary cells. This generates high sugar concentrations in the phloem. (C) Symplastic passive loading (diffusion) mechanism. Suc is translocated passively from mesophyll cells to the phloem of minor veins. This passive loading mechanism requires high Suc concentrations in mesophyll cells to drive the diffusion via plasmodesmata into the phloem. (D) Revised symplastic passive loading mechanism mediated by vacuolar Suc trapping in rice. In this model, the tonoplast SUT is essential to regulate Suc flux to the phloem. CC, companion cell; M, mesophyll cell; SE, sieve element, IC, intermediary cell.
PUTATIVE PHLOEM LOADING MECHANISMS

Apoplastic loading
While a portion of fixed carbon is stored transiently as starch in the chloroplasts and Suc in the vacuole, a large amount of photoassimilate fixed during the day is exported directly through the phloem. Suc is synthesized in mesophyll cells, diffuses symplastically through plasmodesmata into bundle sheath cells and subsequently vascular parenchyma cells. Suc is then exported into the apoplast. In the apoplastic loading strategy, the phloem is symplastically isolated or has rare plasmodesmata connecting to surrounding cells. Subsequently, Suc must be transported across the plasma membrane of CCs and/or SEs from the apoplast (Gottwald et al., 2000) . In this apoplastic loading mechanism, the function of SUTs localized in the plasma membrane is essential for pumping Suc into the phloem. The proton motive force generated by H + -ATPases is the form of energy used to drive Suc into the phloem by SUTs against a concentration gradient (Braun and Slewinski, 2009; Lalonde et al, 2004; Sauer, 2007; Turgeon, 2010) . It is also noteworthy that active phloem loading is assumed to allow plants to maintain low photoassimilate concentrations in source leaves and thus to avoid feedback inhibition of photosynthesis, as well as to elevate sufficient pressure in the phloem to enable long-distance transport ( Fig. 1A; Turgeon, 2010) . A number of plant species including the model plant Arabidopsis utilize the apoplastic loading pathway. SUTs are the best characterized components involved in apoplastic phloem loading. The first SUT genes, SoSUT1 and StSUT1, were isolated from spinach (Spinacia oleracea) and potato (Solanum tuberosum), respectively (Riesmeier et al., 1992; 1993 ). Antisense suppression of StSUT1 in potato causes local breaching and curling of leaves and dramatic reduction in root development and tuber yield. The plant leaves contain over 20-fold higher soluble sugars and 5-fold higher starch compared with wild type plants. This work revealed an essential role of SUTs, localized in the phloem plasma membrane, in the primary step in the apoplastic loading pathway (Riesmeier et al., 1994) . Subsequently, SUTs have been identified throughout the plant kingdom (Reinders et al., 2012).
